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SUMMARY

Localheat-transferratesonthesurfaceofa heatedflatTlateat
zeroincidenceto anairstresmflowingatMachnumbersof 1.69and2.27
arepresented.TheReynoldsnumberrangeforbothMachnumberswas1
millionto 10million.Surfacetemperaturesweremaintainednearrecov-
erytemperature.Itwasfoundthatthevariationofheattransferwith
Machnumberwasinagreementwithpreviouslyreportedvariationsof
directlymeasuredskinfrictionwithMachnumberonunheatedbodies.The
variationwithMachnumberoftheaverageskin-frictioncoefficient,as
determinedfrom@act-pressuresurveys,wasinagreementwiththatfrom
othermomentumlossmeasurementsbutdifferedfromthevariationobtained
fromdirectlymeasuredskinfrictionasreportedby others.

INTRODUCTION

It isdifficult,onthebasisofavailablebasicheat-transferdata
pertainingto theturbulentcompressibleboundarylayer,tomakevalid
comparisonsofheattransferandskinfrictionforequivalentflowcon-
ditions.Thissituationispartiallydueto thelackofexpertiental
information,andalsoto thefactthatthecorrelationoftheavailable
heat-transferdataona lengthReynoldsnumberbasisrequiresinformation
aboutthedevelopmentoftheturbulentboundarylayerwhichhasnotbeen
adequatelydefinedinmanyof theexperiments.Turbulentboundarylayers
maybe inducedartificiallywithtripsormayoccurnaturallyafteran
initiallaminarandtransitionalregion;andsincetheprocessofdevelop-
mentoftheboundarylayertoa fullyturbulentcharacterisnotade-
quatelyunderstocxi,it isnecesssryto establishthattheboundarylayer
isfullyturbulentoverthetestregionandthento fixan effective
Reynoldsnumberwithwhichto characterizetheactualflow. !phis effec-
tiveReynoldsnumberwouldthenallowcorrelationofthevariousheat-
transfertests.Itis importantto obtainsufficientinformationto -
establishan effectiveReynoldsnumberwhentestsaremadewithsmall
models.

-—.-. . —. — __—. .—-——..- —- —.



2 wcA TN 3222

Theheat-transferdataofEber,reference1,obtainedat M = 2.87
ona cone-cylindermodelfortransitionalandturbulentflow,vary
accordingtothedirectionofheatflow. TheNusseltnumberforthe
fullyturbulentflowvariesabout*25Tercentfromthemeanvalue,and
thedeterminationofan effectiveReynoldsnumberisimpossible.The
rocketdatapresentedbyFischerandNorris,reference2,wereobtained
inflightandexhibitconsiderablescatter.TheresultsofSlack,ref-
erence3, Fallis,reference4,andMonaghanandCooke,references5 and
6, arediscussedingreaterdetailina laterportionofthisreport,
buttheheat-transferdataareconsideredbrieflyhere. Slackpresents
onlytwovaluesoflocalheattrsnsferwithaccompanyinglocalboundary-
layersurveys.An effectiveReynoldsnumbercannotbe obtainedfrom
Fa13is’reportto enablethecorrelationofthelocalheat-transfer
results.Theaverageheat-transfercoefficients,as obtainedbyMonaghan
andCooke,areoveranareawheretheflowislaminar,transitional,and
turbulentinCh=acter.Itmaybe concludedthatthesedataareinsuf-
ficienttoadequatelydefinetheheattransferoveranextendedsuper-
sonicrange.

It isthepurposeofthisreporttopresentsomelocalheat-transfer
data,obtainedwitha turbulentboundarylayerona heatedflatplateat
zeroincidencetotheairstream,forReynoldsnumbersof1 millionto
10millionandMachnumbersof1.69and2.27. Temperaturerecovery
factorsandaverageskin-frictioncoefficientsarealsopresentedfor
theseflowconditions.As a finalresultinthisreport,comparisonis
madebetweenthevariationofheattransferwithMachnumberandthe
variationof skinfrictionwithMachnumbertodeterminewhetherornot
theratioofheattransferto skinfrictionisessentiallyunaffectedby
Machnumberas ispredictedbyRubesin,reference7. Thedataofref-
erences3, 4, 5, and6 arealsousedinmakingthiscomparison.
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w conditionat surface

1. localfree-streamconditionat outeredgeoftheboundarylayer

DESCRIPTION

Wind

TheAmes6-inchheat-transfer

OFEQUIPMENT

Tunnel”

windtunnel,whichisdescribedin
reference8, wasusedinthisseriesoftests.Thetestsectionhad
beenmodifiedtothehalf-nozzleconfigurationas showninfigurel(a).

Flat-PlateModel

In orderto extendthetestingregionontheflatplate,themodel
wasmountedonthefloorofthewindtunnelwiththeleadingedge7/32
inchabovethesurfaceofthestraightnozzleblock.Thisparticular
locationwasfoundtobe optimumforsteadyflowatthetwotestMach
numbers.Theairwhichflowedundertheleadingedgewasbypassedaround
thetestsectionthroughductingbackintothewindtunnelatthesuper-
sonicdiffuser.Variousboundary-layertripswereusedto inducea tur-
bulentboundarylayeroverthetestereaoftheplate.A typicaltrip
consistedofa stripof4/0garnetpaper,1/2inchwideby approximately
0.006inchthick(mostofthepaperbackinghadbeenremoved)cemented
tothesteelplate1/2inchbackfromtheleadingedge.Foreachofthe
lowestReynoldsnumberrunsatthetwoMachnumbersno tripwasused. The
spill-overfromtheturbulentboundarylayer,whichexistedalongthe
lowernozzleblock,wassufficientto inducea turbulentboundsrylayer
ontheplatesurface.

Theflat-platemodelspannedthetestsectionandwas5-1/2inches
wideand16ficheslong.TheplateheatersweremadeofAdvancewire,”
whichwascementedintogroovesmilledinthetopsurfaceofa l-inch-
thickTransiteblock.TheTransiteblockwascementedtotheunderside
ofthesteelplateto eliminateanyairgapsbetweentheheatersandthe
steelplate.Twelveheaterswerelocatedat l-inchintervalsalongthe
plate.Thefirstheaterwas2 inchesbackfromtheleadingedge.The
powerinputto eachheaterwascontrolledby a variable-voltagetrans-
former.A constant-voltagetransformerwasprovidedaheadoftheheater
controlsto insurea uniformpowersource.

Temperatureinstrumentationconsistedof iron-constantsmthermo-
couplessolderedin groovesinthesteelplateandcementedinthe
Transitesectionbeneaththeplate.A typicalcrosssectionA - A,
(fig.l(b))representativeofthel-inchstationsalongtheplate,shows
thevariouspositionsatwhichthetemperaturecouldbe determinedby
eitherdirectmeasurementorby interpolationbetweenmeasuredvalues.

— —-——
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Thelocationofthethermocouplesalsoprovideda measurementoftheheat
flowsidewardinthesteelplateanddownwardthroughtheTransiteblock.
Thermocoupleswereinstalledat l-inchintervalsalongthecenterline
inthesteelandat2-inchintervalsalongthecenterlineinthe
Transite.Thethermocouplesthatwereinstalled2 inchesoffthecenter
lineinthesteelplateandTransiteblockwerepositionedat2-inchand
k-inchintervals,respectively.No airgapswereallowedbetweenthe
thermocouplesandthesurroundingmaterial.

Twelvestatic-pressureorifices,0.0135inchindismeter,were
locatedat l-inchintervals,1/2inchoffthecenterline,startingat
2 inchestiomtheplateleadingedge.

An impact-pressuresurveyapparatuswasmountedaboveanddownstream
oftheflat-platemodelsothattheimpact-pressuresurveyscouldbemade
atthedesiredtestpositions.Theimpact-pressureprobewasconstructed
offlattenedhypodermictubingandhada rectangularopeningO.0~ inch
by0.009inchoutsidedimensionsand0.075inchby 0.004inchinside
dtiensions.Theheightofthecenterlineoftheprobeopeningabove
theplatesurfacewasmeasuredoptically.

TESTCONDITIONSANDPROCEDURE

Theheat-transfertestswereconductedataverageMachnumbersof
1.69and2.27overtherangeofeffectiveReynoldsnumbersfrom1 million
to 10million,andat surfacetemperaturesnotmorethan70°F above
recoverytemperature.Thetestconditionsarelistedinmoredetailin
tableI. Twoseparatemeasurementsofthelocalheattransferandof
therecoverytemperatureweremadeat eachconditioncorrespondingtoa
testnumber.Forthesametestconditionsastheheat-transferruns,
severalimpact-pressuresurveysoftheboundsrylayerweremadeinthe
regionof x’ = 3 to 11 inches.ljYomthesesurveysweredeterminedthe
momentumthictiess,theeffectivestartinglengthoftheturbulent
boundarylayer,andtheaverageskin-frictioncoefficients.TMsj in
brief,isthegeneralprocedurefollowedinthisseriesoftests,buta
moredetailedaccountwouldprovidea clearerunderstsmlingofthe
uncertaintiesinthemeasurementssmdresultsofthisexperimentand,
therefore,isincludedhere.

Initially,foranytestrun,steady-stateconditionsof stagnation
temperatureandpressurewereestablishedinthewindtunnel.Stagnation
temperaturewascontrollabletotl/2°F ofthesetvaluewhichwasalways
within2°F of118°.F.Themeasuredvariationduringtheperiodinwhich
datawererecordedwasusuallyA1/4°F. Theaveragereadingof20
thermocoupleswasusedtodeterminethestagnationtemperature.The
sta~ationpressurewasmaintainedtowithinanaverageofAO.29percent
of thedesiredsetvalueforallruns.Mostofthisvariationwasbetween
runsofdifferentdaysratherthanwithinan individualrun.

— .—— — —.——- —— ..— — ——-— _ ..——— — ————— ..—— --- -—
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Thefree-streamMachnumberdistributionalongtheplatewasobtained
foralltheheat-transferandrecovery-temperaturerunsfromtheimpact
andlocalstaticpressures.Theuncertaintyofthefree-stresmMach
numberisestimatedtobeAO.007,basedonthemeasurementaccuracyof
theimpactandstaticpressuree.ThelocalMachnumberinthefree
streamwasusedinthereductionofthedataandinthedeterminationof
thedeviationsfromtrueflat-plateflow.TypicalMachnumberdistri-
butionsareshowninfigure2. ThevariationinMachnumberwasbetween
1 and2 percentofthemeanMachnumberforall.runs. It shouldbenoted
herethatthesymbolsusedtorepresentthepresentdatainfigure2 and
inallsubsequentfigures,whereno notationisgiven,correspondto
thosepresentedintableI.

Heat-TransferTests

An effortwasmadetorealizea constantsurfacetemperaturealong
thetestregionfortheheat-transferruns. Typicalplatetemperatures
sreshowninfigure3. Thisconstanttemperatureidealwasnever
attainedintheregionof x’ = O tox’ = 4 inches,becausethenearest
heatertotheleadingedgeoftheplatewaslocated2 inchesback.The
platetemperaturewasmaintainedconstanttok0.3°F for x’ positions
offrom4 to 12inches,inclusive.Theheat-transferdatathatare
presentedinthisreportarefromtheregionoffrom x’ = 4 to 11 inches,
ticlusive,becauseinthisregiontheeffectsofheatconductionwithin
themodelaremin~zed intheaxial x’ direction.Itwasnotsuffi-
cientto seta constantplatesurfacetemperatureinitially,without
assuringthatthemodeltemperatureswithintheTransiteblockhad
reacheda steadyvalue.Steady-statetemperatureswereestablished
withinthemodelbeforerecordingtheexperimentalheat-transferdata.
An automaticbalancingpotentiometerwitha leastcountequivalentto
0.0670F wasusedtomeasuretheemffromtheW modelthermocouples.

Theheatinputtotheheaterswasdeterminedfrcmnresistance
measurementsoftheAdvancewireheatersandfromcurrentmeasurements.
Theseheatinputswerecheckedwitha laboratorytypewattmeter.The
a~eementwaswithin1.5percentintherangeofpowerinputsusedin
thesetests.Thisagreementwasconsideredadequateinviewofthefact
thattheexperimental
wouldcompletelymask

scatterevidencedintheheat-transferresults
this1.5-percentpowerinputuncertainty.

Recovery-TemperatureTests

An accuratedeterminationoftherecoverytemperatureisdesired
whenevaluatingthelocalheat-transfercoefficient,especiallywhen
theheated-plate-surfacetemperaturesareneartorecoverytemperature.
Tworecovery-temperaturedeterminationsweremadecorrespondingto each
of thetestconditionsoftheheat-transferrunsbutwithnopowerto
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theheaters.Temperaturetihnehistorieswereusedtodeterminesteady-
stateconditionswithinthemodel.All48modeltemperatureswere
recordedintheserunssothattheeffectsofheatconductiononthe
surfacerecoverytemperaturecouldbe evaluated.Theaveragedifference
betweencorrespondingsurfacerecoverytemperaturesfromthetworuns
was0.4°F andthemaximumvariationbetweenanytwotemperatureswas
1.4°F. Themeanlocalrecoverytemperaturefromthetworunswasused
intheeffectivetemperaturepotentialforlocalheat-transfercalcula-
tions.It shouldbenotedthattheheated-platetemperaturesandthe
recoverytemperatureswereadjustedto correspondtoa commonstagnation
temperaturewhendeterminingthistemperaturepotential.

Skin-FrictionTests

Foreachheat-transfersetting,fourorfiveMachnumbersurveys
weremadethroughtheboundarylayerat2-inchintervalsalongtheplate
intheregionfrom x’ = 3 inchesto 11inches.The y distanceofthe
centerlineoftheprobefaceopeningabovetheplatewasdetermined
opticallywitha cathetometersnda dialgage.Measurementsof local
staticandimpactpressuresweremadeforeach y positiontodetermine
theMachnumber.Thedialgageusedfordeterminingthe y position
oftheprobehada leastcountof0.0001inch.It isestimatedthatthe
probepositionwhenofftheplatesurfacecouldbe setto an accuracyof
tO.0007inchforthelowpressurerunsandAO.001inchforthehigh
pressureruns. Noticeablefluctuationsoftheimpactpressurewere
evidentwithintheboundarylayer,butdisappearedatthefreestream
andsolidboundaries.Thesefluctuationsweremechanicallydsmpedout
ofthemsnometersystemwhentheimpactpresswewasread.

Machnumbersurveysoftheboundarylayerexistingonthelower
nozzleblockweremadejustaheadoftheflat-platemodelforthetwo
lowReynoldsnumberruns. Theouter20percentoftheboundaxy-layer
thiclmessdidnotbypassbeneaththeplateleadingedge.Forallcases,
thethicknessofthefirst-measuredflat-plateboundarylayerwasgreater
thanthethiclmessoftheportionofboundsrylayerwhicnspilledover
fromthelowernozzleblock.No appreciableerrorshouldbe introduced
inthedeterminationoftheaverageskin-frictioncoefficientfromthis
slightspill-overofnozzle-blockboundarylayer.

REDUCTIONANDEVALUATIONOFDATA

Momentuml?hichessandEffectiveStartingLength

Themomentumthicbesswhenexpressedintermsoffree-streamMach
numberandstatictemperature,andlocalstatictemperature,T, andMach
number,M, intheboundarylayeris

_ ..—— ——-—
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Thewell-lmmnCroccorelationsfortheboundarylayer,whicharebased
ontheassumptionthatPrandtlnumberisunity,providean explicit
relationforthestatictemperatureintermsoftheknownquantities
Tw,Tl,M, ad Ml. Itwas,therefore,~ossibleto integratetheabove
expressionforthemomentumthichessnumericallyusingSimpson’srule.
Thedisplacementthicbess,8*,wasobtainedinthesameway. Since
therewasa variationinthethickness,roughness,andwidthofthe
boundsry-layertripsused,itwasnotpossibleto correlatetheskin-
frictionandheat-transferdataonthebaaisofReynoldsnumberusing
theactualdistancealongtheplate.Themious turbulent-boundary-
layertheories(ref.9) showthatthemomentum-thiclmessvariationwith
x’ distanceisrepresentedbytheexpression.9= Ax’n where n varies
betweenO.80~ao.83. Theexperimentalvaluesof loge wereplotted
againstlogx’ foreachheat-transferrun. The x’ distancecorre-
spondingto eachmeasuredmomentumthiclmesswasthenshifteda constant
amountsuchthat n agsumedthevalue0.818,whichisanaveragevalue
fromtheavailabletheories.Theamountof shiftisdesignatedas the
effectivestartinglength,andthenewpositioniscalledtheeffective
length,x, oftheturbulentboundary-layerrun. Thevalueof x/x’
variesfrom0.807to 1.o12forthe M = 1.69tests,andfrom0.627to
0.989forthe Ml = 2.27tests.TheReynoldsnumber,Rx,basedonthis
effectivelengthandlocalfree-stresmpropertieswasusedto correlate
boththeaveragesldnfrictionandlocalheattransfer.Theaverage
changein Rx for n changingfrom0.80to0.83isbetween2 and3
percent.

AverageSkin-lYictionCoefficient

me aver%eskb-f%ictioncoefficient,CF = 2e/x,wasdetermined
fromthecalculatede audeffectivelengthx. An estimateofthe
effectofthefree-stresmMachnumbe$ti,stributionontheskin-friction
coefficientwasmadeus3ngthevonKsrmanmomentumequation

Thelocalvaluesof H, e, andMl wereknownanditwaspossibleto
integratetheequationnumericallyfromthepointoftheinitialboundary-
layersurvey,xl,toanyTointinquestion,x. By utilizingthemethod
ofeffectivestartinglengthtodeterminethetheoreticale vs.x
variation,the~lowaheadoftheinitialbound~-layersurveyis

.— — .
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consideredas
skin-friction

flat-plateflow,regardlessof
coefficientas determinedfrom

its
the

actualform. Theaverage
momentumequation,con-

sideringmeasuredpressuregradientsalongtheplate,wasfoundto be
from1.2percenthigherto 1.9percentlowerthantheflat-platevalue
for Ml = 1.69andfrom3.1percenthigherto2.4percentlowerthsm
theflat-platevalueforthe Ml = 2.27tests.

RecoveryFactor

Thetemperaturerecoveryfactorwascalculatedfromtheequation

Tr
r (1+0.2 M12

)
1=— .—

To 0.2M12 0.2Ml=

usingthelocalvaluesof Tr audMl alongthecenterlineoftheplate.
Themsximumuncertaintyintherecoveryfactordueonlytotheestimated
uncertaintyinmeasurementof TrjTo,andMl is 0.0078and0.0060for
theMachnumbers1.69smd2.27,respectively.Theaverageuncertainty
islessthanone-halfthesevalues.

HeatTransfer

Thelocalheat-trarisfercoefficientwasobtainedfromthemeasured
heatratetotheheater(correctedforsidewiseanddownwardconduction
losses)andthetemperaturepotentialbasedonplate-surfacetemperature
andthemeasuredrecoverytemperature.Theheatflowdownwardthrough
theTransiteblockwasdeterminedfrommeasurementoftwotemperatures
acrossthe3/4inchofknownthermalresistance.Thedownwardheatflow
wasapproximately5 percentoftheheaterinput.Thesidewardheatflow
throughthesteelplatewasaccountedforby solvingthedifferential
equationdescribingtheheatflowwiththeappropriatee~erimental
boundaryconditionsandby assumingthatthedownwardheatflowwas
constantacrossthecenterinch. Sincethethermocoupleswereinstalled
a finitedistancefromthetopoftheplatesurface,correctionswere
madeto themeasuredtemperaturesto givetheactualsurfacetemperate.
Thesidewardheatflowandtheplatetemperaturecorrectionswerecom-
pensating.Theaverageover-allcorrectionsontheheat-transfer
coefficientwerea reductionof2 and4 percentfor Ml = 1.69and
M= = 2.27tests,respectively.

Whenexperimentsareconductedwithrelativelysmallmodels,it
shouldbe establishedthattheboundarylayerisfullyturbulentalong
thetestregion.Twomethcdswereusedinthisseriesoftests.One
wastocomparealltheboundary-layerprofilesforsimilari~andtype

— —.—. —.—.———. —.— ——- —. .— .—— —... ——
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(i.e.,whetherlaminar,transitional,orturbulent)at eachMachnumber
by~lottingM/M=vs.y/e,as is shownfora typicalcaseinfigure4.
Anotherindicationofthesimilarityandtypeofboundary-layeryrofiles
maybe obtainedfroma comparisonoftheboundary-layerformprameter
H= 8*/f3forallthesurveysat eachMachnumber,as ispresentedin
figure~. Theresultfrcmtheseconsiderationswasto judgeallthe
boundary-layerprofileswithinthetestregiontobe ~y turbulentin
natureandsimilarinform,exceptoneobtainedat x’ = 3 inches.As
a consequence,thesldn-frictionandheat-tiansferdataintheregion
associatedwiththisoneboundary-layersurveywereomittedfromthe
report.

It shouldbenotedthatallthepropertiesofairusedh the
dimensionlessgroupsrepresentingthedatainthisreportarebasedon
thelocalfree-streamconditionsexistingattheouteredgeofthe
boundarylayer.

RESULTSANDDISCUSSION

Inasmuchasthesldn-frictionandrecovery-factordataarebasicto
a consideration
cussedpriorto

oftheheat-transfercharacteristics,theywillbe dis- .

themainresultsofthistest.

Skin-FrictionResults

me averageSkh-frictioncoeffici~ts,CF/2= e/x}plottedas a
functionof Rx areshowninfigures6(a)and6(b)for Ml = 1.69and
M= = 2.27sndsrecomparedwiththeincompressibleK&m&n-Schoenherr
(ref.10)empiricalskin-frictionequation.Eachsetof symbolscorre-
spondsto a differentheat-trsnsfer-runcondition.Thefiguresare
presentedh thismsnnerto showalsothe-variationin CF within
individualIllIIS. More scatterisevidentintheexperimentalCF/2
forthe M= = 1.69datathsn”forthe M= = 2.27tests.Exceptfortwo
values,the Ml = 1.69dataarewithin*6 percentofthemesncurve.AU
ofthe Ml = 2.27dataarewithin*4 percentofthemeancurve.The
experimentalvalueoftheslopeofthe CFvs.Rx curvesforbothMach
numbersisingoodagreementwiththatoftheincompressiblecurve.

Recovery-FactorResults

Thecalculatedrecoveryfactorsthatarepresentedas a functionof
Rx inf@ures7(a)and7(b)exhibita decreaseinvaluewithincreasing
Reynoldsnumber,althoughnotquitetotheextentshownby theflat-
platedataofreference8. !t’hecurvefromreference8 representsonly
thedataobtainedfortrippedboundarylayersovera Reynoldsnunberrange
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fromI.millionto6 miI.Iion.Themeanvaluesofthepresentdataagree
towithin0.006oftheresultsfromreference8,butthe x valueused
intheReynoldsnumberofreference8 istheactual.distancefromthe
leadingedgeratherthantheeffectivex ~stanceusedhere. Useof
theeffectivex valueinreference8 wouldtendto increaseReynolds
numberby a smallamountandgiveslightlybetteragreement.

Thecommonlyusedexpressionfortherecoveryfactorforthetur-
bulentboundarylayer,r = Prrllswithphysicalpropertiesevaluatedat
therecoverytemperature,agreeswithexperimentfor Rx% 6X106for
bothtestMachnumbers.WiththeEYandtlnumberevaluatedat free-
stresmtemperature,r = Pr11~3predictsvalueswhicharehigherthanany
oftheexperimentalresults.

Originally,thearithmeticmeanvalueoftherecoveryfactorat
eachMachnumberwastohavebeenusedtocalculatethetemperature
potentialinthedeterminationofthelocalheat-transfercoefficient.
However,asnotedpreviously,whenthelocalrecoveryfactorwasplotted
asa functionof Ru a decreasein r wasnotedas Rx increased.
Maximumdiscrepanciesbetweenrunswerealsonotedin r whichwould
accountforrecoverytemperaturedifferencesof 1.4°F and1.8°F for
M= 1.69and2.27,respectively.Also,thevariationofrecoveryfactor
alongtheplatedifferedforthelowestandhighestReynoldsnumberruns,
whichcouldnotbe accountedforby consideringaxialor sidewiseheat
conductionwithinthesteelplateandTransiteblock.Itwasdecided,
therefore,tousethelocalrecoverytemperatureswhichwereactually
measuredat correspondingtestconditionsoftheindividualheat-
transferruns.

HeatJ1’ransferResults

Thebasicheat-transferresultsofthise~ertientexpressedin
termsof localStantonnumberasa functionofReynoldsnumber(based
ontheeffectivelengthoftheboundsry-layerrun)areshownfnfigures
8(a)and8(b)fortheMachnumbers1.69and2.27,respectively.

IUfigure8(a),thelow-speeddataofreference11areincludedas
a basisforcomparison.Althoughtheselow-speeddatawereobtainedon
plateshavingstepwisediscontinuoussurfacet~eratures,theywere
convertedtothoseonan equivalentplatewithconstantsurfacetem-
peraturesbythetheoryofreference12. It isobservedthatthedata
areingoodagreementwiththewell-lmxrnColburnequationinthe Rx
rangeof 105to 10s. Sinceallthesupersonicdataobtainedinthis
present’experimentwerewithintheReynoldsnumberrangeof1 millionto
10million,itwasnecessaryto extrapolatetheexperimentalsubsonic
resultstothehigherReynoldsnumberrangeto allowa directcomparison.

Onemethd ofextrapolationwastousetheColburnequation,which
resultsfromtheuseofthel/7-power-lawskin-friction-coefficient
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equationanda modificationoftheReynolds=do~j namely
st/(cf/2)= Pr-2/~.Anothermethodforcomparisonisto convertthe
localskin-frictioncoefficient,as obtainedfromtheK&rm&-Schoenherr
equationinthe Rx rangeof 1 millionto 10million,to localStanton
numbersbymeansofsomemodificationoftheReynoldsaualogysuchas
usedbyColburnoras ispresentedinreference7 byRubesin.In
figure8(a),itis seenthattheagreementbetweenallthealternative
methcdsisfairlygood,therebetigonlyabouta 7-percentdifference
intheextremevaluesofthepossiblechoices.It isthusreasonable
toassumethatthe Ml = O caseisfairlywelldefinedtithe Rx range
of1 millionto 10million.

imfigure8(a),it isnotedthatthedataobtainedinthisexperi-
mentat Ml = 1.69andat temperaturepotentialsofabout70°F are
decidedlyluwerthantheextrapolatedcurvesforthe Ml = O case.A
linedrawnthroughthemeanofthesupersonicdataisessentially
parallelto theColburnlineandrepresentsthedatatoa meanerrorof
about5 percent.lThismeanlineshowsa reductionfromthe Ml = O
case(Colburnline)ofabout22yercent.Similarlyinfigure8(b),the
meanlinethroughthedataobtainedat Ml = 2.27andat temperature

# potentialsoflessthan70°F isessentiallyparallelto theColburn
lineandrepresentsthedatatoa meanerrorof5 percent.Thismean
tie forthecaseof Ml = 2.27isabout33percentlowerthanthe
extrapolatedMl = O case. Itwaspreviouslynoted(seefig.3) that
theplatetemperatureincreasedwith x’ distanceoverthefirst3 or
4 inches.Theeffectofthispositivesurface-temperaturegradient,
dTw/dx>0, isto increasetheheat-transfercoefficientoverthatof
theconstant-surface-temperaturecase. Itisdifficultto evaluateeven
theorderofmagnitudeofthiseffect,sayfromreference12,sticethe
characterof flowcannotbe accuratelydefinedovertheregionof x’ = O
toxl = 3 inchesbecauseofthelocationoftheboundary-layertripsand
theslightspill-overfromthelowernozzleblock.

ThevariationoflocalStantonnumberwithmomentum-thickness
ReynoldsnumberRe ispresentedinfigures9(a)and9(b)forMach
numbersof1.69and2.27,respectively,asan addedresultofthese
tests.Thecorrelationisas goodas thatpresentedonan Rx basis
andis consideredmorebasicbecauseof itsdependenceonthelocal
characteristicsoftheboundarylayer.Comparisonismadewiththe
VanDriestsldn-frictiontheory(ref.13)combinedwiththeRubesin
analog(ref.7). Thecombinedtheoriesgiveresultswhichare10.3
and14.4percenthigherthanthemeasuredvaluesfortheMachnumbers
of1.69and2.27,respectively.Thisdifferenceisprimarilya result
ofthehighskinfrictionpredictedby theVanDriesttheoryas com-
paredwithpreviousandpresentexperimentalvalues.

lMeamerror=
1
in~ Xl (Stmeas- Sta~c~e)2
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ComparisonofSldn-l&ictionandHeat*ansfer
VariationwithMachNumber

Infigure10,theresreshowndatatakenfromreference14which
indicatethevariationofthelocaloraverageskin-frictioncoefficient
withMachnumberonunheatedbodies.Theordinatehasbeennormalized
bydividingtheskin-frictioncoefficientbytheincompressiblevalue
at thecorrespondinglengthReynoldsnumberatwhichthedatawere
obtained.Thecurveinticatesthevariationof sldnfrictionobtained
fromdirectforcemeasurements(filledin symbols)ofColes,Liepmann
andDhawan,andChapmanandKester.It shouldbenotedthattheaverage
skin-frictionmeasurements(opensymbols)ofWilson;Rubesin,Maydew,
andVarga;BrinichandDiaconis;andthepresentresultsmadewith
boundary-layerimpact-pressureprobesareconsistentlyhigherthanthe
forcemeasurements.Furtherexperimentalworkisrequiredto explain
thesedifferences;however,atthepresenttimeitisbelievedthatthe
&ect forcemeasurementsexethemorereliable(seeref.14)andwill
beusedasa basisforcomparisonwiththeheat-transferresults.

In ordertoproperlyevaluatealltheheat-transferresultsas
presentedinfigure10,a closeexaminationofthetestconditionsis
required.Slackpresentsonlytwovaluesof local.heattransferwith
accompanyingboundary-layersurveysobtainedona cooledplate.Since
themethcdofreference9 wasnotapplicableinthiscasefordetermining
theeffectivestartinglength,the Rx forthecorrespondingmeasured
Re wasobtainedfromtheVanDriesttheory,ad theincompressible
Stantonnumberwasobtainedforthis Rx. Theaverageofthetwoheat-
transferresults,St/Sti= 0.730and0.759,isplottedinfigure10.
(Correspondingtestconditionswere Tw/T1= 2.00andTr/Tl=2.04.)

Fall.ishasmeasuredlocalheattransferona flatplateatnearthe
recoverytemperature.Onlytwooftheresultscanbe consideredinthe
turbulentregionofflow.Thesevalueswereobtainedat x’ positions
of7.75and8.75inches.Precedingthesepositionswasa regionof
lsmlinarflowup to x’ = 1-1/2inchesanda transitionalregionfrom
x’ = l-1/2to6-3/4inches.Forthe x’ = 8.75-inchposition,thereis
god agreementof St/Stiwiththesldn-frictionresultsas shownin
figure10. Thisagreementis seeminglyfortuitous,sincetheheat-
transfercorrelationisbasedon Rx! where x’ ismeasuredfromthe
leadingedgeoftheplate.The St/Stiresultfor x’ = 7.75inchesis
10.4percenthigher.Normally,itisto beexpectedthatthegreaterthe
x’ valuethebetteragreementwiththefullyturbulentresults,but
here,evenat the x’ = 8.75-inchposition,75percentofthearea
precedingthetestpointiseithera laminarortransitionalregion.

Theaverageheat-transferdataofMonaghanandCookewereobtained
atMachnumbersof2.43and2.82ona heatedplateat surfacetemperatures
wellabovetherecoveryvalues.Thetworesultsshowninfigure10are
theextrapolated
transfersurface

.—_—..——__—....—

valuesOf Sta~/(Stav)icorrespondingtothezeroheat-
temperatures.Bothagreewellwiththedirectly

—-——. —..— —————.—..—. —-—-—-—--
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measuredskin-frictionvariation.TheaverageStantonnumberswere
measuredovera heatedlengthof 13.4inchesforbothMachnumbers.For
the Ml = 2.43test,theflowwasfullyturbulentintheregionof
x’> 1.8inchesforthecasewith~ heattransferand x’> 4.4
inchesforthezeroheat-transfercase.Forthe Ml = 2.82tests,fully
turbulentflowwasestablishedintheregionof x’> 4.1inchesatan
intermediateheat-transferrateand x’> 7 inchesfortheadiabatic
case.The~ositionwherethefullyestablishedturbulentboundarylayer
beginsisnotgivenforthemadmumheat-transferrate,butan estimate
of x’ = 2.5incheswouldbe approximatelycorrect.Essentiallythen,
theaverageheat-transfercoefficientisnota truetuxbulentresultbut
correspondsto flowconditionswhichareprtly laminar,transitional,
andturbulent.Theexcellentagreementofthe Stav/(Gtav)iwriaticmwith
theskin-frictionvariationwouldseemtobe fortuitous.

SincethesurfacetemperaturesusedintheTresentexperimentwere
neartherecoverytemperature,thevariationofStantonnumbershould
de~endlargelyonMachnumberalone,thusalluwinga directcomparison
withtheskin-frictiondata. Thetwovaluesof St/Sti,showninfigure
10,weredefinedfromtheaveragelinedrawnthroughtheexperimental
dataoffigures8(a)smd8(b)andtheincompressibleColburnequation,
smdareessentiallyindependentofReynoldsnumberoverthelimited
Rx rangeofthesetests.

It canbe concludedfromtheagreementofthevariationofStanton
numberwithMachnumber,obtainedatnearrecoverytemperature,andthe
variationofdirectlymeasuredskin-frictioncoefficientwithMachnumber
onunheatedbodiesthattheratioofStantonnumberto skin-friction
coefficientisessentiallyconstantintherangeofMachnumbersfrom
o to2.3. Thisagreeswiththepredictionsofreference7.

CONCLUDINGREMKRKS

Thelocalboundsry-layercharacteristicsG vs.x, a Re,my
beuseddirectlyto correlatethelocalheat-transferdata(orlocal
skdn-friction,ifavailable)ormaybeusedtodefiuean effective
Reynoldsnumber,R= withwhichto correlatebothlocalandaverageheat-
transferandsldn-frictionresults.

ThevariationwithMachnumberoftheaverageskin-friction
coefficient,CF/~i,asdeterminedfromboundwy-layersurveysisin
a~eementwiththatfromothermomentumlossmeasurementsbutis
differentfromthatfromdirectlymeasuredskinfriction.

Thetemperaturerecoveryfactorwasfoundtobe ingoodagreement
withotherflat-plateresultsovertheReynoldsnumberrangeofthese
tests.TherecoveryfactordecreasedslightlywithincreasingReynolds
number,anditsmeanvaluemayberepresentedby r = Prrlis,withthe
propertiesevaluatedatrecoverytemperature.



NACATN 3222 15

(J

Basedonthelocalheat-transferresultsofthisexperiment,
obtainedatnearrecoverytemperatureandfromScesa’s(MX O) data,
thevariationoftheStantonnumber,St/Sti,withMachnumberisin
agreementwiththevariationofthedirectlymeasuredskinfrictiony
CF/CFior cf/cfiYonunheated-bodiesovertheMachnumberrangeof
O<M1 c 2.3.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif.jMay6, 1954
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TABLEI.-TESTCONDITIONS

Ml = 1.69,TO=118°F

Average
TestNo.Symbol

R~ft,
Po, Boundary-layertrip Tw/Tl~l-JiJom
psia

I
1 0 16 “ None 1.70 4.10

2 ❑ 26 Durite320 1.6’5 6.44
O.~ in.backfromx’ = O
0.7’5in.wideby0.01in.thick

3 0 26 Norton500A 1.63 6.42
0.5in.back
0.5in..wideby 0.01in.thick

4 A & NortonmO A 1.61 10.2
0.5in.back
0.5in.widebyO.01in.thick

Ml = 2.2%T0= 118°F

5 h 30 None 2.18 5.85

6 b 30 4/0garnet 2.19 6.14
0.5in.back
0.5in.widebyO.006in.thick

7 n 45 4/0garnet 2.12 8.58
0.5in.back
0.5in.widebyO.006in.thick

=s=

_—..—.._ —-___ —.. — . . ..
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